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Zebraﬁsh inner ear development is characterized by the crystallization of otoliths onto immotile kinocilia
that protrude from sensory “hair” cells. The stereotypical formation of these sensory structures is
dependent on the expression of key patterning genes and on Ca2+ signals. One potential target of Ca2+
signaling in the inner ear is the type II Ca2+/calmodulin-dependent protein kinase (CaMK-II), which is
preferentially activated in hair cells, with intense activation at the base of kinocilia. In zebraﬁsh, CaMK-II
is encoded by seven genes; the expression of one of these genes (camk2g1) is enriched in hair cells. The
suppression of camk2g1 expression by antisense morpholino oligonucleotides or inhibition of CaMK-II
activation by the pharmacological antagonist, KN-93, results in aberrant otolith formation without
preventing cilia formation. In fact, CaMK-II suppression results in additional ciliated hair cells and altered
levels of Delta–Notch signaling members. DeltaA and deltaD transcripts are increased and DeltaD protein
accumulates in hair cells of CaMK-II morphants, indicative of defective recycling and/or exocytosis. Our
ﬁndings indicate that CaMK-II plays a critical role in the developing ear, inﬂuencing cell differentiation
through extranuclear effects on Delta–Notch signaling. Continued expression and activation of CaMK-II in
maculae and cristae in older embryos suggests continued roles in auditory sensory maturation and
transduction.
& 2013 Elsevier Inc. All rights reserved.Introduction
Developmental studies of the zebraﬁsh inner ear have provided
insight into human deafness (Dutton et al., 2009; Ernest et al.,
2000; Gleason et al., 2009; Hardison et al., 2005; Nicolson et al.,
1998; Sidi et al., 2003; Whitﬁeld et al., 2002). Both human and
zebraﬁsh ear development depend on cilia and ciliated cells
(Fliegauf et al., 2007). Since genes mutated in patients with
hearing defects encode ciliary proteins, deafness has been cate-
gorized as a ciliopathy (Jagger et al., 2011).
Ciliated embryonic tissues require motile cilia to generate a ﬂuid
ﬂow that is necessary for proper development (Kramer-Zucker et al.,
2005). One of these ciliated organs is the zebraﬁsh inner ear, which
contains both motile and immotile cilia (Colantonio et al., 2009;
Haddon and Lewis, 1996; Riley and Grunwald, 1996; Riley et al., 1997;
Stooke-Vaughan et al., 2012; Wu et al., 2011; Yu et al., 2011). Both
types of cilia are necessary for the proper formation of the embryonic
otoliths, or ear stones. The immotile cilia, also known as kinocilia,
emanate from “hair cells” and are hypothesized to contain an otolith
precursor-binding factor (Stooke-Vaughan et al., 2012). Beating ciliall rights reserved.appear transiently, adjacent to the kinocilia, in order to create steady
ﬂuid ﬂow that ensures the uniform formation of otoliths from the
CaCO3 microcrystals that are found in the endolymph (Colantonio
et al., 2009; Riley et al., 1997; Stooke-Vaughan et al., 2012). Genetic
mutations that disrupt the formation or function of cilia result in the
formation of ectopic, small or abnormally shaped otoliths (Blasiole
et al., 2006; Clendenon et al., 2009; Colantonio et al., 2009; Cruz
et al., 2009; Gao et al., 2010; Haddon et al., 1999; Han et al., 2011;
Panizzi et al., 2007; Schibler and Malicki, 2007; Stooke-Vaughan
et al., 2012; Whitﬁeld et al., 1996; Yu et al., 2011).
Loss of the plasma membrane Ca2+ pump, atp2b1a, also results
in smaller otoliths, highlighting the importance of Ca2+ home-
ostasis during otolith biomineralization (Cruz et al., 2009; Gao
et al., 2010). Although atp2b1a and CO−3 pumps yield the substrate
for CaCO3 microcrystal formation that aggregate to form the
otoliths, Ca2+ channels, such as TRP family members, have also
been implicated as the sensory transduction channel in hair cells
(Amato et al., 2012; Corey, 2006; Shin et al., 2005; Sidi et al., 2003).
In addition to these roles in crystal formation and sensation, Ca2+
may also have a morphogenic role, since well before the ear
becomes a sensory organ, free Ca2+ is elevated in otic placode cells
(Creton et al., 1998).
A likely target of Ca2+ signals is CaMK-II, the multifunctional
Ca2+/calmodulin-dependent protein kinase, which is expressed in
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Vesicle (KV), kidney, neuromasts, and inner ear (Francescatto et al.,
2010; Rothschild et al., 2011). CaMK-II is not only expressed, but
hyperactivated in these ciliated tissues at speciﬁc intracellular
sites. In the zebraﬁsh KV, autophosphorylated (P-T287) CaMK-II
transiently appears in approximately four interconnected ciliated
cells on the left side of the KV at precisely the same time that left-
right organ positioning is determined and its suppression results
in the loss of this normal body asymmetry (Francescatto et al.,
2010). In the zebraﬁsh kidney, P-T287-CaMK-II is enriched in
ciliated cells and observed along cloacal cilia; its suppression
results in the disassembly of these cilia (Rothschild et al., 2011).
This study describes the ear as an additional ciliated develop-
mental tissue where Ca2+ signals, acting through CaMK-II, inﬂu-
ence morphogenesis. Like other ciliary mutants and morphants,
suppression of a speciﬁc CaMK-II gene (γ1 CaMK-II) induces the
formation of ectopic, small or abnormal otoliths, placing this
CaMK-II gene among other genes associated with ear defects, such
as those of the Delta–Notch pathway (Haddon et al., 1998). In fact,
our evidence suggests that CaMK-II inﬂuences Delta–Notch signal-
ing. These ﬁndings identify a new mechanism by which Ca2+
signals may affect the formation and function of ciliated cells.Materials and methods
Zebraﬁsh strains and care
Wild type (AB and WIK) and Tg(β-actin:CAAX-GFP) ﬁsh
embryos were obtained through natural matings and raised at
28.5 1C as previously described (Kimmel et al., 1995).
Fluorescent localization
Embryos were ﬁxed in 4% formaldehyde/PBS alone (F-actin), in
4% formaldehyde/PBS followed by 100% methanol (P-CaMK-II,
acetylated tubulin, β-tubulin, γ-tubulin), in Dent's ﬁxative (80%
methanol, 20% DMSO) (HCS-1) or in 3.7% formalin (DeltaD). Fixed
embryos were incubated with rabbit anti-phospho-T287 (Millipore,
1:20), mouse anti-acetylated α-tubulin (Sigma Chemical Co,
1:500), mouse anti-γ tubulin (Sigma Chemical Co, 1:250), rabbit
anti-γ tubulin (Sigma Chemical Co, 1:250), mouse anti-HCS-1
(Developmental Studies Hybridoma Bank, University of Iowa
(DSHB), 1:10), mouse anti-β-tubulin (DSHB, 1:10), mouse anti-
DeltaD (Zdd2: AbCam, 1:50) followed by either goat anti-mouse
Alexa488, goat anti-mouse Alexa568, or goat anti-rabbit Alexa568
(Invitrogen, 1:500). For F-actin staining, 3.7% formalin or 4%,
formadehyde-ﬁxed embryos were permeabilized with Triton X-
100 prior to incubation with Alexa488 phalloidin (Invitrogen,
1:500). Embryos were imaged by confocal microscopy (Nikon C1
Plus two-laser) on a Nikon E-600 compound microscope using a
40 dry or 100 oil immersion objective.
Morpholino injections
The camk2g1 MO (1 ng) and the control mismatch MO (1 ng)
were those previously described and validated (Francescatto et al.,
2010; Rothschild et al., 2011). A constant injection volume of 1 nl
was veriﬁed prior to injection.
Whole mount in situ hybridization
Digoxigenin-labeled anti-sense riboprobes (0.5–1.5 kb) were
synthesized using T3 or T7 RNA polymerase from cloned cDNAs,
hybridized with ﬁxed embryos and then developed using alkaline
phosphatase-conjugated anti-digoxigenin, as previously describedfor the γ1c probe (Rothschild et al., 2011). Gata3 and pax2a probes
(Wingert and Davidson, 2008; Wingert et al., 2007) and deltaA and
deltaD probes were as previously described (Haddon et al., 1998;
Thisse and Thisse, 2004). Dlx3 was a kind gift from James Lister.
KN-93 treatment
Zebraﬁsh embryos were incubated in 2.5 μM, 5 μM, and 10 μM
KN-93 or 10 μM KN-92 in 3 ml of system water continuously,
starting at a time point between cleavage stage and the 16 somite
stage. Embryos were not typically dechorionated prior to treat-
ment; dechorionation did not affect the sensitivity of embryos to
KN-93. Heart rates were averaged at 72 hpf from at least 20
embryos per time point and/or drug concentration.
CaMK-II puriﬁcation and activity assay
Embryos were treated with KN-93 and then whole lysates were
prepared at 72hpf and CaMK-II activity assays were conducted
exactly as previously described using autocamtide-2 as a substrate
and replicate assays (Rothschild et al., 2007). CaMK-II was afﬁnity
puriﬁed from zebraﬁsh lysates as previously described (Seward
et al., 2008).Results
CaMK-II is enriched and activated in hair cells of the zebraﬁsh inner
ear
We previously demonstrated that CaMK-II is enriched and
activated during early development in several ciliated organs,
including the zebraﬁsh inner ear (Rothschild et al., 2011). CaMK-
II expression and activation is detected using antibodies that
recognize total zebraﬁsh CaMK-II and its autophosphorylated
(P-T287) form (Francescatto et al., 2010; Rothschild et al., 2011).
Since the activation of CaMK-II occurs in response to transient or
sustained Ca2+ elevations, activated CaMK-II can pinpoint sites of
intracellular Ca2+ release.
Even before the ear becomes functional and embryos can hear
or swim upright, CaMK-II is intensely activated at the base of both
pairs of kinocilia that nucleate and seed the two otoliths (Fig. 1A–R,
arrowheads). P-CaMK-II is found at the base of kinocilia, but above
the cytosolic plume of acetylated tubulin that originates from the
basal body in hair cells (Fig. 1A–C). This corresponds to the
transition zone, a region important for ciliary structure and
believed to act as a gateway for ciliary protein import, including
signaling protein complexes (Czarnecki and Shah, 2012; Ishikawa
and Marshall, 2011). P-CaMK-II is also observed at lower levels
along a portion of the kinocilium and diffusely as puncta in the
cytosol of hair cells (Fig. 1A–C). Activated CaMK-II may partially co-
localize with stereociliary bundles, as shown in transgenic
embryos expressing membrane-targeted GFP (CAAX GFP;
Fig. 1D–F) or in embryos counterstained for F-actin (Fig. 1G–I).
The strong P-CaMK-II immunostaining at the base of kinocilia does
not co-localize with the basal body, as shown by counterstaining
with γ tubulin (Fig. 1J–L). The preferential expression and activa-
tion of CaMK-II in hair cells is further demonstrated using the hair
cell marker, HCS-1 (Fig. 1M–O).
CaMK-II remains active, but undergoes a change in location, as
the inner ear develops. At 48 hpf, P-CaMK-II persists at the base of
the kinocilium in the developing sensory hair patches; shown here
is the anterior macula (Fig. 1P–R). By 72 hpf, P-CaMK-II is more
evident in the cytosol of hair cells within these ciliated sensory
patches (Fig. 1S–X); shown here are the anterior macula (am) and
anterior crista (ac).
Fig. 1. Localization of activated CaMK-II in 24–72 hpf zebraﬁsh embryonic ears. Embryos were immunostained for P-CaMK-II (A, D, G, J, M, P, S, V) in wild-type or CAAX:GFP
embryos and then counterstained for acetylated tubulin (B, Q, T, W), F actin (H), γ tubulin (K) or HCS-1 (N). Arrowheads point to the most intense P-CaMK-II staining. Images
were acquired laterally with anterior to the left at 24 hpf (A–L), 36 hpf (M–O), 48hpf (P–R) or 72 hpf (S–X). am¼anterior macula, ac¼anterior crista. All scale bars¼5 μm.
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The functional importance of embryonic CaMK-IIs has been
determined by gene suppression strategies. Seven transcription-
ally active CaMK-II genes have been identiﬁed during zebraﬁsh
development (Rothschild et al., 2009, 2007). In situ analysis
identiﬁed camk2g1 as the most highly expressed CaMK-II in the
otic vesicle at 24 hpf and 48 hpf (Supplemental Fig. 1) (Rothschild
et al., 2007). The developmental morphology of the ear was
assessed in embryos whose camk2g1 expression was suppressed
using a translation blocking antisense morpholino oligonucleotide
(MO). The efﬁcacy of this MO was previously described and
validated (Francescatto et al., 2010; Rothschild et al., 2011).
Injection of 1 ng of this MO induced defects in otolith morphogen-
esis (Fig. 2).
During normal development, two symmetrically-shaped oto-
liths appear in stereotypic locations, shown here at 30 hpf
(Fig. 2A). These otoliths form over the patches of sensory hair
cells known as maculae; the anterior otolith forms over the
utricular macula, while the posterior otolith appears at the
saccular macula (Haddon and Lewis, 1996). In camk2g1morphants,
asymmetric, ectopic and sometimes fused otoliths were observed
at 30 hpf (Fig. 2B, C). At 72 hpf, 95% of control embryos (n¼118)
exhibit both the smaller anterior otolith and the larger posteriorFig. 2. Otolith formation is defective in camk2g1 morphants. Gross morphology of otol
control MO (A, D) or 1 ng camk2g1 MO (B, C, E, F). Scale bar (50 μm) in A applies to A–C
morphant embryos and compared to 118 control embryos (G). P-CaMK-II (red) at the bas
morphants (I, I'). Cilia were counterstained with anti-acetylated tubulin (green) with anotolith (Fig. 2D). In contrast, abnormal otoliths persisted at 3 dpf in
almost 90% of camk2g1morphants; 48% of morphant embryos had
an ectopic (fused or third) otolith and over 75% of otoliths were
noticeably smaller (Fig. 2E–F), as tabulated for 186 embryos
(Fig. 2G). In addition, the otic vesicle was approximately 37%
shorter (along the anterior–posterior axis) in camk2g1 morphants
(n¼20) than in control embryos (n¼25). Importantly, activated
CaMK-II (P-CaMK-II), which is normally present at 24 hpf at the
base of kinocilia in hair cells (Fig. 2H; arrowheads), was nearly
eliminated in camk2g1 morphants (Fig. 2I).Speciﬁcation genes persist in camk2g1 morphant ears
While there may be subtle alterations in the morphology of the
inner ear of camk2g1 morphants, several key early genes that specify
the otic placode were all expressed in morphants in the proper
location (Supplemental Fig. 2). Dlx3bwas expressed in the otic vesicle
epithelium of both control and camk2g1 morphants. Pax2a localized
to the ventromedial ear of both control and camk2g1 morphant
embryos as well as in the midbrain-hindbrain boundary and optic
stalk, although pax2a expression was consistently higher in mor-
phants. Gata3 was also expressed in the otic vesicle epithelium of
both control and camk2g1 morphants.iths was assessed at 30 hpf (A–C) and 72 hpf (D–F) in embryos injected with 1 ng
and in D applies to D–F. Defects in otolith shape were quantitated at 72 hpf for 186
e of the kinocilia in 24 hpf control (H, H') embryos (arrowhead) was lost in camk2g1
terior on the left. Scale bars in H, I¼5 μm.
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development, but phenocopies camk2g1 morphant otolith defects
The role of CaMK-II in development can also be interrogated
using pharmacological agents. This approach offers temporal
control, although it is not gene-speciﬁc. KN-93, a well-
established antagonist of CaM binding to CaMK-II, prevents
activation of CaMK-II and thus maintains CaMK-II in its inactivated
(unphosphorylated) state (Tombes et al., 1995). Zebraﬁsh embryos
were treated with increasing concentrations of KN-93 from the
cleavage stage until 3 dpf (Fig. 3A–D). Consistent with the ubiqui-
tous embryonic expression of the seven CaMK-II genes, KN-93
exerted pleiotropic effects including upward (dorsal) tail curva-
ture, reduced circulation and pericardial edema, delayed hatching
and otolith seeding defects. As previously described in mammalian
cells in culture (Tombes et al., 1995), KN-92, an inactive analog of
KN-93, had no discernable morphological effects (data not shown).
The ability of KN-93 to inhibit zebraﬁsh CaMK-II was veriﬁed
using an in vitro kinase activity assay on 3 dpf embryo lysates andFig. 3. Effects of KN-93 on embryonic development. Gross morphology was assessed
cleavage stage with 2.5 μM KN-93 (B), 5 μM KN-93 (C) and 10 μM KN-93 (D). CaMK-II kina
puriﬁed CaMK-II in the presence of increasing concentrations of KN-93 (E). Heart rates a
KN-93 treatment resulted in otolith defects at 30 hpf (G, H) and 72 hpf (I, J). Scale b
at 72 hpf were tabulated for 125 control and 182 10 μM KN-93 treated embryos (K). P
control embryos (L, arrowhead) at 24 hpf but gata3 was expressed in the otic vesicles of
M) and 50 μm (N, O).on a partially puriﬁed CaMK-II fraction (Fig. 3E). The activity of
crude and partially puriﬁed zebraﬁsh CaMK-II exhibited an IC50 of
4 μM, which was remarkably similar to mammalian CaMK-II
(Tombes et al., 1995) and to that required to achieve certain
morphological defects; the IC50 for heart rates was also 4 μM
(Fig. 3F). The effect of KN-93 on heart rate is consistent with a
known role for CaMK-II in cardiac excitation–contraction (E–C)
coupling in mammals (Maier, 2012; Maier and Bers, 2002, 2007)
and indicates that CaMK-II inﬂuences E–C at the earliest stages of
cardiac development in simple vertebrates. The reduction in heart
rate was completely reversed within one hour of KN-93 washout
(data not shown), which is also consistent with acute effects on
cardiac contractile cycles. Treatment with the inactive analog,
KN-92, had no affect on heart rate (Fig. 3F). These ﬁndings
re-emphasize the conserved molecular and functional nature of
CaMK-II across species (Tombes et al., 2003).
Like camk2g1 morphants, embryos continuously treated with
10 μM KN-93 exhibited otolith defects at 30 hpf (Fig. 3G, H), which
persisted through 72 hpf (Fig. 3I, J). Unlike the effects on heart rate,at 72 hpf in untreated embryos (A) and in embryos continuously treated from
se activity assays were conducted on 3 dpf whole embryo lysates and 3dpf partially
t 72 hpf were averaged from at least 20 embryos per drug concentration (F). 10 μM
ar (50 μm) in G applies to G, H and in I applies to I, J. Otolith defects assessed
-CaMK-II (red) was diminished in 10 μM KN-93 (M) treated embryos compared to
both control (N) and 10 μM KN-93 (O) treated 24 hpf embryos. Scale bars¼5 μm (L,
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KN-93, suggesting that a certain threshold of CaMK-II inhibition is
necessary to induce ear defects. Otoliths were smaller in 70% of
embryos and ectopic otoliths were observed in 20% of embryos
treated with 10 μM KN-93 for 72 hpf (Fig. 3K, n¼125 control and
182 treated embryos). Otolith defects were only observed when
drug treatment began prior to 16 hpf (data not shown). While this
supports a role for CaMK-II in ear development starting at early
embryonic stages, persistent CaMK-II activation through later time
points was necessary since otolith defects were reversed by 72 hpf
if KN-93 was washed out at 26 hpf. As with CaMK-II morphants,
KN-93 diminished P-CaMK-II at the base of kinocilia (Fig. 3L, M,
arrowhead), without interfering with the expression of gata3
(Fig. 3N, O). These results provide further evidence that CaMK-II
activation in hair cells is important for proper otolith formation in
the inner ear.
Motile cilia and kinocilia form in camk2g1 morphants
While both suppression of CaMK-II expression and catalytic
activity resulted in malformed otoliths, these interventions did not
prevent the formation of either motile cilia along the wall of theFig. 4. Motile cilia and kinocilia form in camk2g1 morphants. Control (A, D) and camk2g
24 hpf. Kinocilia formed in the proper locations (arrows) emerging from hair cells at
bars¼5 μm. A histogram of the number of kinocilia per otic vesicle (OV) pole at 24 hpf (E
control embryos (n¼62).
Fig. 5. Formation of maculae and cristae in camk2g1 morphants. Control (A, C, D) and ca
tubulin (red). Sensory patches include anterior macula (am), posterior macula (pm), ante
of view in the control image. Anterior is to the left. Scale bars¼20 μm (A, B) and 5 μmotic vesicle or of kinocilia at the poles of the otic vesicle. This is
evident at both developmental times less than 1 day (Fig. 4) or at
3 days (Fig. 5). The formation and function of both motile and
immotile cilia are important in otolith seeding and formation
(Colantonio et al., 2009; Riley et al., 1997; Stooke-Vaughan et al.,
2012; Wu et al., 2011; Yu et al., 2011). Short cilia (arrowheads) and
kinocilia (arrows) were identiﬁed in the otic vesicles of both
control (Fig. 4A, C) and camk2g1 morphants (Fig. 4B, D) at the
21ss (Fig. 4A, B) and at 24 hpf (Fig. 4C, D).
While the lengths of cilia appeared unchanged in camk2g1
morphants, the number of kinocilia increased, when quantitated
at 24 hpf (Fig. 4E). At this developmental time point, over 80% of
wild type embryos exhibit two hair cells and two kinocilia per pole
in the otic vesicle (Whitﬁeld, 2002), as shown (Fig. 4E, n¼45
embryos). Suppression of camk2g1 increased the number of
kinocilia to as many as ﬁve at each pole (Fig. 4E, n¼62 embryos).
This occurred in parallel to an apparent increase in hair cell
number (see Fig. 6), but this increase in hair cell number was only
a transient phenomenon.
The two otoliths that form early and remain bound to kinocilia
in the anterior (utricular) and posterior (saccular) macula at 72 hpf
are essential for the detection of linear acceleration, gravity, and1 morphants (B, D) were labeled with anti-acetylated tubulin (green) at 21ss and at
the anterior and posterior poles of the otic vesicle. Anterior is to the left. Scale
) revealed a shift in morphant embryos (n¼43) to higher values when compared to
mk2g1 morphants (B, E, F) at 72 hpf were stained for F-actin (green) and acetylated
rior crista (ac), lateral crista (lc) and posterior crista (pc). The posterior macula is out
(C–F).
Fig. 6. Delta–Notch signaling is disrupted in camk2g1 morphants. Control (A) and
camk2g1 morphants (B) have basal bodies labeled by γ tubulin (red, arrowhead)
from which emerge kinocilia labeled by acetylated tubulin (green). Phalloidin
(green) labels the F-actin of the stereocilia and the cell cortex in control (C, arrow)
and camk2g1 morphants (D, arrow). Expression of pax2a (E, F), deltaA (G, H) and
deltaD (I, J) are expanded in camk2g1 morphants. DeltaD protein (red; K, L),
counterstained with phalloidin (green), accumulates in hair cells of camk2g1
morphants (L). Anterior is to the left. Scale bars¼5 μm (A–D, K, and L) and
10 μm (E–J).
Fig. 7. Model of action. (A) Screen shots from control and camk2g1 morphant
embryos at 24 hpf. Control embryos have two immotile kinocilia (white arrows)
bound to the seeding otolith. Camkg1 morphants have extra hair cells as demon-
strated by extra kinocilia (B, white arrows). (B) The additional hair cells are formed
as a result of improper Delta–Notch signaling. (1) In control embryos CaMK-II aids
in secretory vesicle trafﬁcking and fusion to the plasma membrane. (2) Once Delta
is deposited at the membrane it can bind to the Notch receptor. (3) Transendocy-
tosis occurs due tomib (mindbomb; E3 ubiquitin ligase) activity, causing the NICD to
be cleaved and enter into the nucleus inﬂuencing transcription. In the absence of
CaMK-II, Delta ligands are not deposited at the membrane and accumulate in
secretory vesicles in the cytosol, therefore inhibiting transcription in the Notch
expressing cell.
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times, the two maculae are accompanied by three cristae (anterior,
lateral and posterior) (Whitﬁeld et al., 2002). The posterior macula
is not visible in the control image. Stereocilia, kinocilia as well as
sarcomeres and axonal tracts are evident when embryos are
stained for F-actin and acetylated tubulin, in both control andcamk2g1morphants (Fig. 5). However, at higher magniﬁcation, the
kinocilia emerging from these sensory patches in the morphants
(anterior maculae: C, E and posterior cristae: D, F) show a ∼50%
reduction in number compared to control embryos (Supplemental
Fig. 3) and a pronounced distortion in the shape of the remaining
kinocilia (Fig. 5E, F).
Delta–Notch signaling is altered in camk2g1 morphants
The altered otolith morphology, early increase in hair cell
number and later decrease in kinocilia emerging from sensory
patches is reminiscent of that seen in the mindbomb mutant
(Haddon et al., 1999; Itoh et al., 2003). Mindbomb encodes an E3
ubiquitin ligase that ubiquitylates Delta family ligands and thus
enables normal Delta–Notch signaling (Itoh et al., 2003). Delta–
Notch signaling is necessary in the development of a variety of
sensory cells, including hair cells in the developing inner ear
(Haddon et al., 1999; Itoh et al., 2003).
As quantitated in Fig. 4, camk2g1 morphants exhibit increased
numbers of kinocilia at 24 hpf (Fig. 6A, B). These kinocilia appear
to be emerging from single basal bodies and cells (Fig. 6A, B).
We often see an increase in the stereocilia that emerge from the
center of hair cells (Fig. 6C, D) that are outlined by cortical F-actin
staining. This suggests that hair cell number, like kinocilia, are
increased in parallel at this time point. As reported in mutants of
the Delta family ligand, deltaA (Riley et al., 1999), expression of the
hair cell marker pax2a was also expanded, primarily in cells at the
S.C. Rothschild et al. / Developmental Biology 381 (2013) 179–188186anterior and posterior otic vesicle poles in camk2g1 morphants
(Fig. 6E, F), which is consistent with an increase in hair cell
number.
To determine if the increased number of sensory epithelial
(hair) cells in camk2g1 morphants is the result of the same Delta–
Notch pathway, we examined both Delta mRNA and protein levels.
Like the mindbomb mutant (Haddon et al., 1998), camk2g1 mor-
phants show enhanced deltaA and deltaD expression in the otic
vesicle and an increase in the number of cells expressing deltaA
and deltaD (Fig. 7G–J). In addition, the proper exocytosis or
recycling of the DeltaD protein was inhibited in camk2g1 mor-
phants as indicated by the accumulation of DeltaD protein (Fig. 7K,
L), when probed with the zdd2 antibody. DeltaD appeared as
particles; control embryos (n¼25) never exhibited more than one
or two of these particles per hair cell, but morphant embryos
(n¼30) often exhibited as many as 25 DeltaD particles in a single
hair cell. These particles are putative deltaD containing vesicles
whose exocytosis at the apical cell surface may be blocked and
whose proper exocytosis can feedback inhibit mRNA expression
(Haddon et al., 1998). These results identify CaMK-II as a positive
regulator of Delta–Notch signaling in hair cells of the developing
zebraﬁsh inner ear.Discussion
In this study, we provide evidence that intracellular Ca2+
signals, mediated by calmodulin (CaM) and the CaM kinase,
CaMK-II, are necessary for the proper patterning of sensory
epithelial cells in the developing inner ear and act through
members of the Delta–Notch pathway. This conclusion was
reached through the use of genetic and pharmacological interven-
tions and supported by immunological localization of activated
CaMK-II and of Delta family members.
While CaMK-II has historically been linked to long-term poten-
tiation in the adult central nervous system (Schulman et al., 1992),
recent studies have deﬁned it as a key signaling molecule during
embryonic development, particularly in cardiac and ciliated cells
(Francescatto et al., 2010; Rothschild et al., 2009, 2011, 2007;
Rothschild et al.,). The ciliated tissues that require CaMK-II include
the Kupffer's Vesicle (KV), kidney and, with this study, the inner
ear. In fact, in each of these ciliated tissues, products of the same
CaMK-II gene (γ1 CaMK-II) are required, suggesting a common
function or expression pattern of this particular CaMK-II gene.
There are similarities and differences in the location of activated
CaMK-II within these tissues; P-CaMK-II is found cortically, but
also at the base of motile cilia in KV cells (Francescatto et al., 2010),
at the apical cortex of kidney ductal cells, but along the full length
of motile cilia in the cloacal region of the kidney (Rothschild et al.,
2011) and along a portion of immotile kinocilia, but intensely at its
base in the inner ear (this study). In each of these tissues, γ1
CaMK-II inﬂuences cilia number, stability or structure, depending
on the tissue type and developmental time.
Putative Ca2+ channel
Roles for CaMK-II are determined by its expression and target-
ing, but also by activation of the appropriate Ca2+ channel, which
differs in each of these tissues. The otic vesicle endolymph and
internal stores, such as the endoplasmic reticulum, are possible
sources of Ca2+ to activate CaMK-II, but the channel through which
Ca2+ ﬂows has not been deﬁned. The activation of CaMK-II at the
base of the kinocilia in these cells suggests the presence of a Ca2+
channel that may be enriched in this area or locally active. The TRP
superfamily of nonselective Ca2+ permeable ion channels is a
potential channel through which Ca2+ can ﬂow to activateCaMK-II. In fact, TRPN1 is found at the tip of kinocilia in Xenopus
embryonic hair cells and then translocates to the base of kinocilia
when embryos are treated with the Ca2+ chelator, EGTA (Shin
et al., 2005). In zebraﬁsh, the TRPN1 homolog, NompC, localizes to
hair cells and when suppressed causes deafness and a reduced
startle response (Sidi et al., 2003). TRPV4 is expressed in both the
zebraﬁsh embryonic inner ear (Mangos et al., 2007) and the adult
sensory cells of the maculae and cristae (Amato et al., 2012). The
mouse double knockout of TRPC3/TRPC6 is characterized by
hearing defects and vestibular deﬁcits (Quick et al., 2012). Identi-
fying the downstream activator will aid in understanding mechan-
otransduction pathways. Given the localization of P-CaMK-II in the
inner ear and lateral line of zebraﬁsh embryos (Rothschild et al.,
2011), it is possible CaMK-II is the integrative molecule that
translates external stimuli into a chemical response.
CaMK-II inﬂuences the differentiation of inner ear hair cells
Proper patterning of sensory epithelial cells must occur at the
appropriate time and place during development to ensure proper
otolith biomineralization. Alterations in this process lead to mal-
formed otoliths and therefore abnormal mechanotransduction. Sig-
naling molecules necessary for inner ear sensory epithelial cell
patterning include Delta–Notch family members, as demonstrated
by the mindbomb (mib) mutant, which leads to supernumerary hair
cells (Haddon et al., 1998). The mib locus encodes an E3 ubiquitin
ligase, which ubiquitylates and then internalizes Delta ligands
(Haddon et al., 1999; Itoh et al., 2003). We demonstrate that γ1
CaMK-II inﬂuences the patterning of inner ear sensory cells by also
acting through the Delta–Notch pathway. Like mibmutants, suppres-
sion of camk2g1 also leads to supernumerary hair cells, which may
contribute directly or indirectly to ectopic or malformed otoliths.
The enrichment of CaMK-II in the hair cells, but not in the
surrounding support cells is consistent with CaMK-II inﬂuencing
the Delta ligand and not the Notch receptor. Upon Delta binding to
Notch, the Delta–Notch extracellular domain undergoes transen-
docytosis causing the Notch receptor to be proteolytically cleaved
and the Notch intracellular domain (NICD) to enter the nucleus to
inﬂuence transcription (Kandachar and Roegiers, 2012). Delta
ligands are ubiquitylated, internalized, and degraded; in the mib
mutant, DeltaD is not properly endocytosed and degraded, causing
an upregulation of DeltaD mRNA expression and protein localiza-
tion to the membrane and in endocytic vesicles (Itoh et al., 2003;
Matsuda and Chitnis, 2009). Suppression of camk2g1 also caused
an increase of DeltaD in particles that appeared to represent
intracellular vesicles, but did not accumulate at the cell surface.
These results suggest that DeltaD protein is being properly
synthesized, but may not be trafﬁcked to the membrane and
therefore accumulates in secretory vesicles in the cytosol.
CaMK-II is known to phosphorylate proteins important in trafﬁck-
ing, docking and fusion of secretory vesicles. Substrates include
synapsin I (Matsumoto et al., 1995), synaptotagmin (Nielander
et al., 1995) and synaptobrevin, a vesicle associated membrane
protein (Popoli, 1993). Although these proteins are essential in the
secretion of neurotransmitters, they also function in non-neuronal
tissues (Bustos et al., 2001). In the zebraﬁsh KV, CaMK-II may be
necessary for the secretion of Southpaw (Spaw) to the left lateral
plate mesoderm, enabling the expression of left sided genes and
therefore left-right organ asymmetry (Francescatto et al., 2010).
Likewise, the proper recycling and trafﬁcking of Delta ligands is
necessary to enable proper signaling to adjacent cells. In the absence
or reduction of Delta ligands at the plasma membrane, expression of
key genes would be inhibited causing alterations in sensory epithelial
cell patterning (Fig. 7). Delta–Notch signaling has been linked to the
differentiation of ciliated embryonic cells in other organisms as well
(Marcet et al., 2011).
S.C. Rothschild et al. / Developmental Biology 381 (2013) 179–188 187Our results point to an important role for CaMK-II in the Delta–
Notch signaling pathway in the zebraﬁsh inner ear, speciﬁcally in
the cells expressing Delta. While CaMK-II has also been shown to
inﬂuence Notch signaling (Ann et al., 2012; Mamaeva et al., 2009),
our ﬁndings are more consistent with a role for CaMK-II in Delta
processing and not on the surrounding Notch-expressing cells in
the inner ear. This is the ﬁrst study to implicate CaMK-II as a
positive regulator of the Delta–Notch signaling pathway in an
in vivo model, identifying CaMK-II as an important mediator of
Delta ligand trafﬁcking.
The inﬂuence of CaMK-II on Delta–Notch signaling may directly
or indirectly affect cilia structure and function, as it does in other
ciliated developmental tissues. At this point, it is difﬁcult to
discern whether these are linked or separate functions of Ca2+
signaling acting through CaMK-II.Acknowledgments
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